Blood pressure (BP) is a dynamic phenotype that varies rapidly to adjust to changing environmental conditions. Standing upright is a recent evolutionary trait, and genetic factors that influence postural adaptations may contribute to BP variability. We studied the effect of posture on the genetics of BP and intermediate BP phenotypes. We included 384 sib-pairs in 64 sib-ships from families ascertained by early-onset hypertension and dyslipidemia. Blood pressure, three hemodynamic and seven neuroendocrine intermediate BP phenotypes were measured with subjects lying supine and standing upright. The effect of posture on estimates of heritability and genetic covariance was investigated in full pedigrees. Linkage was conducted on 196 candidate genes by sib-pair analyses, and empirical estimates of significance were obtained. A permutation algorithm was implemented to study the postural effect on linkage. ADRA1A, APO, CAST, CORIN, CRHR1, EDNRB, FGF2, GC, GJA1, KCNB2, MMP3, NPY, NR3C2, PLN, TGFBR2, TNFRSF6, and TRHR showed evidence of linkage with any phenotype in the supine position and not upon standing, whereas AKR1B1, CD36, EDNRA, F5, MMP9, PKD2, PON1, PPARG, PPARGC1A, PRKCA, and RET were specifically linked to standing phenotypes. Genetic profiling was undertaken to show genetic interactions among intermediate BP phenotypes and genes specific to each posture. When investigators perform genetic studies exclusively on a single posture, important genetic components of BP are missed. Supine and standing BPs have distinct genetic signatures. Standardized maneuvers influence the results of genetic investigations into BP, thus reflecting its dynamic regulation. blood pressure; family studies; genetic linkage; postural adaptations HIGH BLOOD PRESSURE (BP) levels and variability are associated with a high risk of adverse outcomes (21, 32). It is estimated that up to 50% of BP variance is genetically determined, with the rest of it due to the effect of environment (24). However, individual quantitative trait loci (QTLs) contribute to only a small percentage of BP variation (7, 28) . In fact, genetic variants identified to date in genome-wide association studies (GWAS) may explain only 1-2% of BP variance in the population (9, 19, 29) . The effect of a QTL on BP may be overridden by compensatory mechanisms (genetic modifiers and/or physiological adaptations) or obscured by the acute influence of environment at the time of BP measurement (random variation/acute hemodynamic adjustments) as well as by antihypertensive therapy (26).
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In contrast to stable or relatively stable quantitative traits, such as height or weight, BP is a highly dynamic phenotype designed to preserve tissue perfusion in continuously changing environmental conditions, such as emotional stress, time of the day, and posture. BP variability is clinically relevant since it is coupled with vascular complications, e.g., stroke (25, 32) . Moreover, the genetic determinants of BP responses to the environment may contribute to BP levels (6, 13) .
BP regulation requires the action of redundant systems (11) , which may dilute the effect of single genetic variants, influencing certain regulatory pathways. Thus, their hypothetical outcome may only be observed when the involved pathway operates under certain stimulation. In fact, experiments on rats have shown BP QTLs that were only apparent after specific pharmacological blockade of the renin-angiotensin, sympathetic nervous, or nitric oxide systems (38) . Likewise, family studies have pointed out the existence of BP QTLs specific to certain environmental stimuli, such as posture or sleep (15) . Furthermore, genetic variants, such as vasoregulatory hormones [e.g., renin, atrial natriuretic peptide (ANP)], or hemodynamic traits [e.g., total peripheral resistance (TPR), heart rate (HR), etc.], may influence intermediate BP phenotypes without causing any change in the final BP phenotype (6, 28) . However, few studies have conducted concurrent phenotyping of intermediate BP traits or assessed the genetic determinants of BP variability under standardized physiological testing.
In humans, lying supine causes blood redistribution from the lower extremities to the thoracic pool, resulting in increased ANP secretion, whereas standing upright evokes a relative decrease in blood above the heart with the activation of compensatory mechanisms to maintain brain perfusion (11) . Postural adaptation to standing upright is a relatively recent evolutional trait (41) that may share many genetic determinants with BP. We hypothesized that postural adaptation as a phenotype will reveal novel polymorphisms associated with BP.
Previous work in hypertensive black sib-pairs (22) and family studies (16) found that posture is linked with changes in heritability (h2) estimates of BP. Moreover, preliminary research on hypertensive sib-pairs revealed that posture was coupled with changes in the genetic linkage of polymorphisms of angiotensin II type I receptor and BP (7) . However, only two single nucleotide polymorphisms (SNPs) in one gene were tested in that investigation (7) . Thus, we hypothesized that physiological adaptations to the change in posture will result in variation of genetic linkage of blood pressure and intermediate blood pressure phenotypes. This study was conducted in sibpairs from a founder population of French-Canadian families ascertained by the presence of hypertension and dyslipidemia (15) . In addition to systolic (SBP), diastolic (DBP), and mean arterial BP (MAP), nine intermediate BP phenotypes including hormones (renin, aldosterone, epinephrine, norepinephrine, ANP), second messengers (cGMP, cAMP), and hemodynamic traits [TPR, stroke volume (SV), HR] were measured at multiple times during supine or standing after careful withdrawal of antihypertensive medications. Individual traits, summary variables obtained by factor or component analyses as well as delta phenotypes (change in trait values from supine to standing), were tested for genetic linkage. Simulations were used to test for significance of postural differences on linkage.
METHODS

Study population.
We included 384 sib-pairs obtained from 64 sib-ships in the present study. Sib-ship size ranged from two to nine individuals (average number of sib-pairs in a sib-ship, 6; range, 1-36 sib-pairs). Sib-ships were obtained from a cohort of independent families and details of family recruitment and structure have been reported previously (15, 30, 34) .
The number of sib-pairs with genotype-phenotype information was 380. In brief, families were ascertained by the presence of at least one sib-pair with early-onset (Յ55 yr old) hypertension and dyslipidemia, and by the absence of secondary hypertension, DBP Ͼ110 mmHg, diabetes mellitus, body mass index Ͼ35 kg/m 2 , renal or liver dysfunction, degenerative central nervous system diseases, malignancies, pregnancy, and substance abuse. The study was approved by the Ethics Committees of Centre de santé et de services sociaux Chicoutimi, Université du Québec à Chicoutimi, and the Centre hospitalier de l'Université de Montréal.
Phenotyping. Phenotyping was undertaken according to standardized procedures described elsewhere (22) . Normotensive and hypertensive subjects were invited to undergo extensive phenotyping. Hypertensive subjects without any contraindications had their antihypertensive drugs withdrawn for 1 wk, and lipid-lowering agents were withdrawn for 1 mo in all subjects. In the present study, BP medications were discontinued in all participants. Orthostatic maneuvers were performed in 291 individuals (147 men, average age 42 yr old), 160 of them normotensive, and 131 hypertensive. In brief, after 30 min of equilibration, the subjects were monitored for 30 min in the supine position and then in the standing position for another 10 min. Hemodynamic variables, including HR (n ϭ 237), TPR (n ϭ 237), SV (n ϭ 237), and BP (SBP, DBP, and MAP; n ϭ 291) were measured every 5 and 2 min during recumbency and standing, respectively, by impedance plethysmography (SORBA Medical Systems), equipped with an automated BP monitor (Dynamap, Johnson & Johnson Medical). Renin (n ϭ 221), aldosterone (n ϭ 221), ANP (n ϭ 184), catecholamines [epinephrine (EP) n ϭ 202, norepinephrine (NE) n ϭ 207], and cyclic nucleotides (cAMP n ϭ 222, cGMP n ϭ 222) were measured after 25 min in the supine and after 10 min in the upright position.
Genotyping. Total genomic DNA was extracted from human blood, precipitated with ethanol and dissolved in sterile Tris-EDTA (TE) buffer. Affymetrix's GeneChip Mapping 50K XbaI arrays were used. Genomic DNA was diluted with reduced TE buffer at a concentration of 50 ng/l. Genomic DNA (250 ng) was digested with XbaI enzyme and amplified by a single polymerase chain reaction (PCR) primer. Purified PCR products (40 g) were digested with DNase I, endlabeled, injected into a XbaI array made up of 2.5 million 25-mer probes, and hybridized for 16 h at 48°C. The array was then washed and stained with streptavidin-phycoerythrin in an Affymetrix F-450 Fluidics station. After staining, the array was read by Affymetrix GeneChip Scanner 3000 7G. Automation of the fluidics station and scanner was supported by Affymetrix GeneChip operating software (GCOS 1.2). GeneChip genotyping analysis software (GTYPE) evaluated the array data, generated genotype calls, and exported array reports for biostatistical analysis.
Selection of candidate genes and SNPs. Since the goal of the present study was to understand the dynamics of genetic linkage rather than conduct genome-wide scans, we adopted a candidate gene approach. We systematically searched for genes in the PUBMED database with the limit "human" and key words "vascular function," "autonomic function," "cardiac function," "heart rate," "kidney function," "hypertension," "insulin resistance," and "metabolic syndrome," as well as in the OMIM database with the key words "hypertension" and "hypotension." We added the list of candidate genes for BP homeostasis and/or hypertension published previously by Halushka et al. (12) , Okuda et al. (27) , and Iwai et al. (20) . After deleting duplicates and nongenes, we selected 312 candidate genes.
We then screened our database to find SNPs within candidate genes or neighboring SNPs in linkage disequilibrium (LD) (D= ϭ 1 and LOD Ն2; Haploview) with any SNP located in candidate genes in our database or in the HapMap database for Utah residents with Northern and Western European ancestry (CEU population) (36) . Allele frequencies and Hardy-Weinberg equilibrium were calculated by exact test, as described by Wigginton et al. (40) .
Statistical analysis. Phenotypes were adjusted by age and sex. Trait values during supine or standing were compared by paired t-test (SPSS software). Differences between normotensives and hypertensives were compared by unpaired t-test. Polygenic h2, i.e., total additive genetic h2, and genetic covariance, i.e., polygenic bivariate analysis with age and sex as covariates, were estimated by SOLAR (2) .
Single point identity was calculated from genotypes for all family members (e.g., using all available data on extended pedigrees), by descent (IBD) probabilities with GENIBD (SAGE). Model-free twopoint linkage analysis, according to the weighted Haseman-Elston regression method (W4) as implemented in SIBPAL (SAGE), investigated the presence of linkage. This method transforms sib-pair trait values to weighted combinations of the squared trait difference and squared mean corrected trait sum, adjusting for the nonindependence of sib-pair squared sums and differences in large sib-ships (35) .
Linkage analysis was conducted on average phenotypes or on the delta change from supine to standing, with Bonferroni correction accounting for multiple testing, including number of SNPs and phenotypes. The alpha threshold (at P Ͻ 0.05) for linkage during recumbency or standing with average phenotypes was 2.4 ϫ 10
Ϫ6
[e.g., 0.05/803 SNPs ϫ 2 analyses (supine or standing) ϫ 13 phenotypes] and 4.8 ϫ 10
Ϫ6 for delta phenotypes. Moreover, for hemodynamic traits for which we obtained 12 measurements over time, principal component analysis (PCA) and factor analysis (FA) were used to find uncorrelated univariate traits containing shared variance (PCA) or correlation (FA) among all traits at all times during supine or standing.
Differences in nominal or corrected linkage P values Ն1 ϫ 10 3 between recumbent and standing postures were considered to be of interest. However, only disappearance of the linkage signal in a given posture was taken as a significant change in nominal linkage.
We designed permutations to calculate empirical P values for hemodynamic variables at each posture, taking into account all available measurements and testing for differences in linkage between supine and standing. We adopted the gene-dropping approach, as implemented in MERLIN to simulate genotypes (1) . In brief, it segregates random chromosomes through pedigrees retaining the family structure of the original pedigree, the recombination fraction, and the original pattern of missing values. The net result is a random chromosome that is unlinked to any trait, but the distribution of phenotypes is conserved intact.
Linkage analysis of 10,000 permutations for all hemodynamic traits through all time points during recumbency and standing conserving the time-series structure of the data was conducted. Then, the proportion of simulated replicates that was equal to or greater than the minimum t-value (lowest linkage statistic) observed at each period (supine or standing) was selected as the empirical P value for that period. Empirical P values for differences in linkage between supine and standing were calculated by estimating the proportion of simulated replicates with an equal to or greater difference of minimum t-values between supine and standing than the difference between both postures.
To further test the hypothesis that change in posture has a significant effect on the linkage results, a permutation test on correlations between time series (time points) of the "t-statistic" derived from linkage tests and a square signal, representing change in posture was done (3) . The permutation test is part of a family of methods known collectively as "resampling procedures" (4) . The algorithm used in this work is an adaptation of previous investigation by Belmonte and Yurgelun-Todd (3). The computation steps are described in detail in the appendix.
RESULTS
Screening of the 312 preselected genes for SNPs in our database yielded a total of 1,018 SNPs in 196 genes. After excluding SNPs with minor allele frequency Ͻ5% and devia- . †Total number of individuals included; systolic (SBP) and diastolic blood pressure (DBP) (n ϭ 291); heart rate (HR) (n ϭ 237); stroke volume (SV) (n ϭ 237); total peripheral resistance (TPR) (n ϭ 237); renin (n ϭ 221); aldosterone (Aldo) (n ϭ 221); cyclic guanosine monophosphate (cGMP) (n ϭ 222); cyclic adenosine monophosphate (cAMP) (n ϭ 222); epinephrine (EP) (n ϭ 202); norepinephrine (NE) (n ϭ 207); atrial natriuretic peptide (ANP) (n ϭ 184). BP, blood pressure.
tions from Hardy-Weinberg equilibrium (P Ͻ 0.01), we finally selected 803 SNPs (Supplementary Table S1 ).
1 SNPs in LD were not excluded from the analyses and were counted in the correction by multiple testing. However, the SNPs tested did not exhaustively cover all genes studied.
Effects of posture on phenotypic variance and heritability. Table 1 reports the means for all traits during supine and standing positions, as well as the delta change. Hypertensive individuals had higher supine SBP, DBP, TPR, HR, aldosterone, cAMP, and ANP levels but lower SV compared with normotensive subjects (Table 1) . Factors associated with supine SBP (P Ͻ 0.05) were SV, TPR, HR, renin, ANP, cGMP, and cAMP levels, whereas supine DBP was associated with HR, SV, TPR, and cAMP. Age and sex were used as covariates in all models.
Standing was associated with changes in hemodynamic variables and neuroendocrine activity ( Table 1 ). Both DBP and SBP rose with TPR and HR and declined in left ventricular SV (Table  1 ). These hemodynamic adaptations were accompanied by elevated renin and aldosterone levels, as well as increased circulating catecholamines and cyclic nucleotides, but decreased ANP ( Table  1 ). The increase in TPR and aldosterone levels during standing was greater in hypertensives than in normotensives (Table 1) . Hypertensives had larger phenotypic variance for most traits compared with normotensives (Table 1) . Near one-third (n ϭ 88) of participants showed no change or decreased SBP upon standing, whereas 12% of participants (n ϭ 35) had blunted or reduced DBP upon standing.
Standing was associated with a larger mean increase of DBP compared with SBP. However, SBP had larger SD. Age, baseline SBP, and delta change in EP were linked with postural change in SBP. Prior use of BP medications (including diuretics or ␤-blockers) was not associated with delta SBP. Delta TPR was weakly correlated with delta SBP (r ϭ 0.2, P ϭ 0.05), whereas delta SV, delta HR, and composite delta cardiac output showed no correlation with change in SBP upon standing. These findings indicate that supine SBP in part determines the delta change of SBP upon standing. Delta change in DBP was associated with supine DBP, delta HR (P Ͻ 0.001, r ϭ 0.28), and delta NE levels (P ϭ 0.002, r ϭ 0.26) but weakly correlated with delta TPR (r ϭ 0.13) and SV (r ϭ Ϫ0.13). h2 estimates for traits during supine or standing are listed in Table  1 . They were higher for hemodynamic factors (excluding HR) upon standing but decreased or did not change for neuroendocrine factors ( Table 1) .
Effects of posture on genetic correlation among traits. Polygenic bivariate analysis was conducted to investigate genetic covariance (RhoG) among BP and intermediate BP phenotypes during when supine and standing (Table 2) . Genetic covariance between SBP and DBP did not change from supine to standing (0.84 and 0.88, respectively). However, differences in genetic correlation were seen between postures (Table 2 ). For instance, TPR was the factor with the greatest genetic covariance with BP during supine (Table 2) . However, during standing, cAMP had the highest genetic covariance with BP (Table 2 , see also Fig. 3 ). Plasma renin activity and aldosterone were the best genetic correlates with TPR during supine, while NE level was the best genetic correlate of aldosterone in the standing position (Table 2) .
Genetic linkage. Linkage analyses were conducted using the average of trait values during each posture using Bonferroni's 1 The online version of this article contains supplemental material. correction. Significant linkage results after Bonferroni correction (cP value, only significant results at cP Ͻ 0.05 are listed) are shown in Table 3 . Top P values were obtained for rs10509540 (renalase gene) and rs3798573 (estrogen receptor gene) linked to cGMP levels (cP Ͻ 1.0 ϫ 10
Ϫ10
) and renin levels (cP Ͻ 1.0 ϫ 10 Ϫ10 ), respectively. Most of significant linkage results in this analysis were obtained for neuroendocrine factors with only six genes linked to hemodynamic traits. No SNP linked simultaneously to both hemodynamic and hormonal traits. Table 3 shows that most linkage signals (72%) varied with posture. Nearly one-third of SNPs remained linked (corrected P Ͻ 0.05) both during supine and standing positions. For the SNPs that remained significant during both postures, one-third showed a large change (P Ն 1 ϫ 10 3 ) in linkage scores with posture (e.g., rs413898, rs10495711, rs726281, rs726282, rs10512510). For instance, rs413898 (in RNLS gene) was linked to cGMP levels much more when supine (cP ϭ 1.0 ϫ 10 Ϫ10 ) than standing (cP ϭ 4.1 ϫ 10 Ϫ3 ). Figures 1 and 2 provide examples of the effect of posture on linkage signals. In Fig. 1 , the level of linkage of SNP rs842873 and SV is highest during supine but disappears during standing. In contrast, linkage signal between SNP rs10494478 and MAP (Fig. 2) becomes evident in standing position.
Empirical linkage. Permutations were designed to obtain empirical estimates of linkage for each posture and to test for differences in linkage signals between supine and standing. For this experiment, all time point estimates for each hemodynamic trait (SBP, DBP, HR, SV, TPR) during supine or standing (e.g., every 5 min during supine, every 2 min during standing) were used, and 10,000 permutations using the gene dropping approach were conducted, conserving intact the time-series structure of the data (only randomly changing the genetic structure). There was evidence of linkage for 63 SNPs: 52 SNPs were linked when supine, 15 SNPs during standing, and 26 SNPs remained significant for both supine and standing (Table 4) . For those significant SNPs, additional 10,000 simulations were done to test for linkage differences between supine and standing position (Table 4 , difference in linkage P value). The proportion of simulated replicates with an equal to or greater difference of minimum t-values (measure of linkage) between supine and standing was the empirical P value for this experiment. Linkage signal was significantly different between supine and standing for 43 SNP-phenotype couples.
Effects of random resampling on linkage signals (permutation test).
To further test whether differences in linkage P values between supine or standing were real or due to chance, we applied a permutation test to the full linkage results from all Table S2 ).
On the other hand, FA resulted in three main factors explaining 81 or 71% of covariance among traits during supine or standing. The first factor mainly reflects covariance between SBP, DBP, and TPR; the second factor mostly correlates with SV and TPR, whereas the third factor is mostly influenced by HR. (Supplementary Table S2 ). Table 5 ). This SNP (rs10512510) was the only marker linked to both PCA and FA traits ( Table 5) .
Linkage of delta change phenotypes. Table 6 reports the linkage results for delta change from supine to standing. After Bonferroni correction, 16 SNPs located in 12 genes were significantly linked to any phenotype. Top linkage (Bonferroni's cP Ͻ 1.0 ϫ 10 Ϫ12 ) was found for delta change cGMP on chromosome 1 in the NPHS2 gene. A top linkage result for hemodynamic traits was obtained for rs1435010 located in KCNH7 on chromosome 2. This SNP was linked to delta MAP (cP ϭ 1.92 ϫ 10 Ϫ9 ), delta DBP (cP ϭ 1.04 ϫ 10
Ϫ7
), and delta SBP (cP ϭ 4.1 ϫ 10 Ϫ3 , Table 6 ). Figure 3 summarizes the findings of the present study. It discloses genetic correlations among hemodynamic and neuroendocrine factors during supine, standing, and delta change phenotypes as well as the genes linked during each condition. The genetic proximity of BP intermediate phenotypes shifted with change in posture (Fig. 3, A and B) . Moreover, a different genetic picture emerged from delta phenotypes (Fig. 3C) , with aldosterone having a central role and being strongly genetically correlated with NE as well as with renin and ANP (Fig. 3C) . Furthermore, overall linkage architecture varied among the three conditions (Fig. 3, A-C) .
DISCUSSION
The main findings of this study are that genetic linkage for BP and intermediate BP phenotypes is influenced by posture and that postural adaptations to standing measured as a delta phenotypes revealed novel polymorphisms not seen when only supine or standing traits were used. Postural differences were Empirical P values for SNPs in candidate genes for BP. Phenotypes (hemodynamic factors) were measured several times during the recumbent position and upon adopting the standing posture. The gene-dropping approach (MERLIN) was used to simulate genotypes, and 10,000 permutations were conducted through all time points during supine or standing position, conserving the time-series structure of the data. For significant SNPs, empirical P values for the difference in linkage between supine and standing (*P Diff) were calculated. MAF, minor allele frequency.
found consistently for nominal and empirical linkage; changes in genetic linkage were seen in either neuroendocrine or hemodynamic traits and included greater variations in significance (Ͼ1 ϫ 10 3 ). Similarly, postural differences in linkage were also obtained using PCA or FA summary variables. These findings indicate that a dynamic genetic architecture underlies BP regulation, which was underscored by a simple physiological maneuver, such as standing upright.
Bivariate variance component analyses revealed that changes in genetic covariance among BP and intermediate BP phenotypes vary with posture. For instance, common genetic factors explained 65% (r ϭ 0.8) of the phenotypic variance of supine SBP and TPR, but only 36% (r ϭ 0.6) of standing SBP and TPR. Similarly, common genetic factors accounted for 15% of supine variation of NE and DBP, whereas during standing common genetic factors influenced 36% of NE and DBP variation. However, genetic correlation between supine and standing was high; for instance, bivariate variance component analyses showed high genetic correlation for supine and standing SBP (r Ͼ 0.9) as well as for supine and standing DBP (r Ͼ 0.9). Hence, similar genetic factors contribute to SBP or DBP variation during supine and standing but their relative contribution to trait variance changes with posture. Since IBD probabilities do not vary with posture, change in linkage scores results from alterations in trait similarity among sib-pairs, which may reflect relative postural variation in the effect of polygenes.
Previous family studies found that genetic factors explain part of BP variability with posture (15, 16) . However, in these investigations, intermediate phenotypes were not available and/or genetic testing was conducted with microsatellite markers, and no formal statistical comparison of linkage between supine or standing traits was done. The present study is the first, to our knowledge, to present linkage information for nine intermediate BP phenotypes during orthostatic maneuvers in a Table  2 : Genetic covariance among BP phenotypes). Unbroken lines represent RhoG Ͼ0.7; dashed lines, RhoG ϭ 0.5-0.7; and dotted lines, RhoG 0.4. Only genetic correlations Ͼ0.40 are displayed and used for genetic adjustments. Gray lines linking genes and traits represent genetic linkage. SV and EP are not represented in C, since genetic correlations for these factors were not computable.
founder population. It also shows that the use of delta phenotypes discloses additional genetic linkage, which suggests the existence of QTLs that modulate changes in BP and intermediate BP phenotypes during the change in posture from supine to standing.
Indeed, h2 estimates of delta change suggest that genetic factors may account for up to 38% of variability of delta phenotypes studied in this work; higher h2 estimates were obtained for delta change in SBP, TPR, or ANP levels. Responses to orthostatism (e.g., supine to standing) involve the integration of cardiopulmonary and arterial baroreflexes that sense changes in blood volume in central compartments and modulate sympathetic activity and vascular resistance. Our findings suggest that genetic factors may influence some of these physiological loops. However, for other traits, such as change in SV or renin and catecholamine levels, low h2 estimates were obtained, indicating that they may be reflex responses. In fact, decreased blood volume of the body's central compartment upon standing reduces left ventricular filling pressures, causing reflex increased brain stem sympathetic outflow that stimulates catecholamines and renin release.
It has been reported previously that combination of highly correlated traits with PCA or linear combination of phenotypes increases multipoint linkage scores (15) and the power to detect linkage (17) . In the present study, five genes not previously identified by average traits were identified by PCA. However, only one SNP was linked to both PCA and FA traits. This indicates that summary traits obtained by either method are distinct. In fact, there is a more clear separation of traits with FA than with PCA. For instance, the first principal component (PCA1) reflects the common variance of DBP and SBP, SV and TPR. In contrast, the first factor (FA1) mainly reflects the interrelation between SBP and DBP. Simulation studies have found that FA produces factors with stronger correlations of underlying traits than PCA (39) . However, PCA linkage data may reflect a "deeper" underlying genetic effect of BP regulation since it reflects the common variance of BP traits.
Overall, top linkage scores were obtained for cGMP and three SNPs (rs10509540, rs413898, rs4934391) inside or flanking the Renalase (RNLS) gene. This gene was also linked to aldosterone and SV. RNLS encodes a secreted amine oxidase that metabolizes catecholamines and is involved in the regulation of cardiac function and BP (42) . Moreover, RNLS polymorphisms have been associated with essential hypertension (43) . In the present study, ANP levels were higher in hypertensives compared with normotensives. It has been shown that binding of ANP to NPR-A, the main receptor for the biological known functions of ANP, results in intracellular formation of cGMP (13) , which in this study had the greatest genetic correlation with ANP, as shown in our previous studies in genetically hypertensive rodents (37) .
Most BP GWAS published to date obtained BP measurements in a single posture in a nonstandardized environment. Cuff BP values vary considerably between office visits, which increases random error. The fact that linkage results of the present study were not replicated in recent large BP GWAS does not invalidate the findings of this work, whose main objective was to investigate the effect of posture on linkage. The present study was conducted in a founder population and included 10 intermediate BP phenotypes analyzed under standardized conditions in a controlled environment including removal of medications. Measurements were repeated with participants lying supine or standing upright compared with office sitting BP readings in most investigations. Moreover, stringent significance levels correcting for multiple testing and permutations were used to evaluate these findings. We also adopted a model free linkage statistical method that makes no assumptions about distribution of the data. Furthermore, postural changes in h2, genetic covariance, and linkage signals in genes were seen across different traits.
In addition, to further assess the effect of chance on postural linkage variation, we implemented a permutation test that evaluated changes in linkage scores (signal) over time. For this test, all trait linkage scores, obtained during 30 min of lying supine and 10 min of standing upright, with a particular SNP, were rearranged randomly in time sequence (e.g., the first 5-min linkage score for SBP and a particular SNP were exchanged for the linkage score obtained at 4 min of standing and so on) 10,000 times for each SNP-phenotype couple. The test found that one-third of linkage signals were not due to chance but caused by the change in posture. Thus, it is unlikely that our results are merely the effect of random variation in linkage signals.
It is well known that important regulatory mechanisms of vascular function, such as nonprostanoid, nonnitric oxide, endothelium-dependent vasorelaxation, can only be demonstrated after pharmacological or physiological blockade of other vasoactive pathways (10), as we have demonstrated in a rodent model of hypertension (438). The present study strongly indicates a shift in the genetic determinants of BP and intermediate BP phenotypes influenced by posture. Upright posture is evolutionary speaking a recent event, thus, it could be in less genetic equilibrium than supine posture. Thus, that the "selection pressure" induced by postural adaptation may have resulted in changes of allele frequencies and polymorphic gene variation (23) . It is unclear if the "new" genetic architecture designed to tolerate the standing position also resulted in a predisposition to develop hypertensive disorders.
In conclusion, physiological adaptations to postural change from lying supine to standing upright are accompanied by a distinct genetic architecture of BP and intermediate BP phenotypes. Discovery of genes linked to BP will be incomplete if only a single posture is included in genetic studies. 
